Meconium aspiration syndrome is a serious condition of the newborn characterized by pulmonary inflammation with substantial neutrophil infiltration. We recently showed that meconium is a potent activator of complement. The aim of the present study was to investigate a possible role for complement in meconiuminduced neutrophil activation. Meconium was incubated in human whole blood anticoagulated with lepirudin, a specific thrombin inhibitor that does not affect complement activation. Complement activation was detected by measuring the terminal complement complex. Neutrophil oxidative burst and changes in CD11b and L-selectin expression were measured by flow cytometry. Complement was inhibited using the MAb 166-32 and 137-26, which block factor D and neutralize C5a, respectively. Meconium markedly activated the neutrophils, as revealed by up-regulation of CD11b, accentuation of L-selectin shedding, and induction of oxidative burst. Complement inhibition using the anti-factor D antibody completely (95-100%) blocked meconium-induced changes in CD11b and L-selectin expression, whereas oxidative burst was reduced by 60 -70%. The anti-C5a antibody inhibited the neutrophil activation to the same extent as anti-factor D. The data suggest that complement activation is largely responsible for the neutrophil inflammatory responses induced by meconium in vitro and that C5a is a key mediator of this response. Abbreviations ARDS, acute respiratory distress syndrome AU, arbitrary units DHR, dihydrorhodamine LPS, lipopolysaccharide MAS, meconium aspiration syndrome MFI, median fluorescence intensity PE, phycoerythrin PMA, phorbol-12-␤-myristat-13-␣-acetate TCC, terminal SC5b-9 complement complex Meconium aspiration syndrome (MAS) may cause a profound lung inflammation similar to acute respiratory distress syndrome (ARDS). A substantial increase in neutrophils in the airways; increased levels of inflammatory cytokines, eicosanoids, superoxide anions, and endothelin-1; expression of inducible nitric oxide synthase and cyclooxygenase-2; and activation of nuclear factor-B have been described in MAS (1-8). A profound inflammatory response and the release of leukocyte cytotoxic products have an important role in initiation and propagation of lung injury in ARDS, in which neutrophils and their cytotoxic products play a crucial role (9).
Meconium aspiration syndrome (MAS) may cause a profound lung inflammation similar to acute respiratory distress syndrome (ARDS). A substantial increase in neutrophils in the airways; increased levels of inflammatory cytokines, eicosanoids, superoxide anions, and endothelin-1; expression of inducible nitric oxide synthase and cyclooxygenase-2; and activation of nuclear factor-B have been described in MAS (1) (2) (3) (4) (5) (6) (7) (8) . A profound inflammatory response and the release of leukocyte cytotoxic products have an important role in initiation and propagation of lung injury in ARDS, in which neutrophils and their cytotoxic products play a crucial role (9) .
The complement system is a key mediator of inflammation. Complement-mediated activation of neutrophils and monocytes leads to cytokine production; release of lipid mediators and histamine; oxidative burst; and altered expression of adhesion molecules, including increased expression of CD11b and shedding, revealed as decreased expression of CD62L. We showed recently that meconium is a potent activator of the alternative complement pathway in vitro (10) . To study the interaction between all participating inflammatory systems, we used an in vitro human whole-blood model that is based on the use of lepirudin, a thrombin-specific anticoagulant that does not interfere with complement activation (11) . We hypothesized that meconium-induced complement activation in whole blood would lead to neutrophil activation and examined the effect of meconium and inhibition of complement on neutrophil oxidative burst and surface expression of adhesion molecules CD11b and CD62L (L-selectin).
Lakes, NJ) were used to obtain low background activation of complement. Nunc cryotubes (Nalgene; NUNC, Roskilde, Denmark) were used for blood collection and freezing. Sterile PBS was from Invitrogen (Paisley, Scotland), Lepirudin (Refludan) was from Hoechst (Frankfurt am Main, Germany), and EDTA (E-4884) and DMSO (D-2650) were from Sigma Chemical Co.-Aldrich (Schnelldorf, Germany). The following mouse anti-human phycoerythrin (PE)-conjugated MAbs were used for detection of surface antigens: anti-CD11b (IgG2a, clone D12; BD Biosciences, San Jose, CA) and anti-CD62L (IgG1, clone DREG-56; BD Biosciences, Pharmingen, Belgium). Oxidative burst was measured by flow cytometry using dihydrorhodamine (DHR) 123 (F-37370, Fluka; Sigma Chemical Co.-Aldrich, Schnelldorf, Germany). Phorbol-12-␤-myristat-13-␣-acetate (PMA) (F-79350, Fluka; Sigma Chemical Co.-Aldrich) was used as positive control. Flow cytometry was performed with a FACScalibur (Becton Dickinson, San Jose, CA). OD from the ELISA experiments was read in an MRX microplate reader (Dynex Technologies, Dekendorf, Germany).
Complement inhibitory antibodies. Mouse MAbs to human factor D (clone 166-32; IgG1), C5a (clone 137-26; IgG1), and the isotype-matched control (clone G3-519; anti-HIV-1 gp120) were produced and purified under identical conditions in the laboratory of one of the authors (M.F.). Anti-C5a 137-26 is highly specific for the C5a moiety on native C5 without interfering with C5 cleavage as described in detail previously (12) . Thus, this antibody preneutralizes C5a and thereby blocks its biologic effects before it is released. The anti-factor D antibody is highly specific for factor D of the alternative complement pathway as documented in detail previously (13, 14) .
Meconium. Samples of meconium from 54 healthy newborns were collected from diapers with a wooden spatula and stored in 50 mL of polypropylene centrifuge tubes (Corning, Acton, MA) at Ϫ20°C. Lipopolysaccharide (LPS) was quantified in all samples using the Limulus Ameboecyte Lysate Assay (LAL QCL-1000, 50-648U; BioWhittaker/Cambrex Bio Science, Walkersville, MD). Samples that contained Ͼ100 pg of LPS/mg of meconium were excluded, and the remaining 42 samples were thawed, pooled, and processed by nonpyrogenic pipette (50 mL; Costar Corp., Cambridge, MA) in PBS and collected in surface bottles (NUNC Brand Production). The batch then was freeze-dried (HETO-FD3; Heto, Holten, Denmark). The weight difference between meconium and freeze-dried meconium indicated that the meconium water content was 75%. We reconstituted the meconium with the corresponding amount of distilled water giving a meconium concentration of 340 mg/mL. This preparation was diluted in PBS to a final concentration of 100 mg/mL, split in aliquots, and frozen at Ϫ20°C until the day of experiment.
Human whole blood. The experiments with adult human whole blood were performed using samples from six healthy volunteers. Cord blood was obtained after normal deliveries of healthy newborns by healthy mothers. Informed consent was obtained from the parents. Three different cord blood samples were obtained for the surface marker and oxidative burst experiments, respectively. Experimental model. A recently developed whole-blood model to study the role of complement activation was used (11) . The model is based on anticoagulation with lepirudin, a recombinant hirudin analogue that is a highly specific thrombin inhibitor that does not influence complement activation, in contrast to heparin. Whole blood was collected in polypropylene tubes that contained lepirudin (50 g/mL) and preincubated with PBS or antibody for 5 min in a water bath at 37°C. Optimal experimental conditions were defined in pilot experiments using meconium concentrations that gave close to maximal signals in the different readouts and concentrations of inhibitors that gave maximal inhibition. Thus, we used 0.1 mg of meconium/mL and 10 g of antibody/mL in the CD11b and CD62L experiments and 2.5 mg of meconium/mL and 50 g of antibody/mL in the burst experiments. After preincubation, meconium was added and samples were incubated for another 30 min. After incubation, the samples were processed immediately in two different directions, one for flow cytometric detection and the other for detection of complement activation. EDTA was added to the latter to a final concentration of 20 mM. Plasma was obtained by centrifugation at 1000 ϫ g for 8 min and immediately frozen and stored at Ϫ70°C until analysis.
CD11b and CD62L expression in neutrophils. After incubation, cells were fixed with 0.5% (vol/vol) paraformaldehyde for 4 min in water bath at 37°C. The cells were stained with either anti-CD11b-PE or anti-CD62L-PE for 15 min, lysed, and washed before the median fluorescence intensity (MFI) was measured by flow cytometry.
Oxidative burst in neutrophils. The stock solution of DHR 123 was 1 mg/mL in DMSO. It was stored at Ϫ20°C in small aliquots. Before the experiments, the stock was diluted with PBS to give a working solution of 50 g/mL. The final concentration in the samples was 6.25 g/mL. PMA was solved in DMSO to a stock solution of 1 mg/mL and stored at Ϫ20°C in small aliquots. Before the experiments, the PMA stock was diluted with PBS to give a working solution of 2 g/mL (final concentration in the samples was 0.29 g/mL) and was added to the tube at the time of preincubation. After activation with meconium, DHR was added, and the samples were incubated for another 10 min in water bath at 37°C. Then the cells were lysed and washed before MFI was measured by flow cytometry.
Complement activation. Activation of complement was measured by quantifying the soluble terminal sC5b-9 complement complex (TCC) using an ELISA based on the MAb aE11 specific for a neoepitope exposed in C9 when incorporated in TCC, principally as described previously (15) . CD11b expression. Meconium (0.1 mg/mL; MEC) significantly (p Ͻ 0.05) increased neutrophil CD11b expression when incubated in human whole blood for 30 min. This up-regulation was completely abolished (p Ͻ 0.05) in the presence of 10 g/mL of anti-factor D (MECϩaD) or 10 g/mL of anti-C5a (MECϩaC5), whereas no effect was seen using an isotypematched control antibody (10 g/mL; MECϩCtr). The data are median and range of six different experiments, each from a different blood donor (n ϭ 6). T30, CD11b expression after 30 min in whole blood not incubated with meconium; *significantly different from T30; *significantly different from MEC.
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Complement activation in the surface marker experiments. In the CD11b and CD62 experiments, the levels of TCC were measured in plasma. Meconium increased TCC formation to 18 arbitrary units (AU)/mL (13-38) compared with 1 (0 -3) for the PBS control (p Ͻ 0.05; Fig. 3 ). The meconium-induced increase in TCC was completely abolished by anti-factor D [1 AU/mL (0.5-3)]. As expected, anti-C5a treatment did not reduce TCC formation because it does not block C5 cleavage. In contrast, it slightly but significantly increased TCC formation to 36 MFI (23-66; p Ͻ 0.05). No change in TCC formation was seen for the isotype-matched control antibody [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] ].
Neutrophil Oxidative Burst
Meconium induced oxidative burst to 60 MFI 
Cord Blood
CD11b. Meconium (0.04 -5.0 mg/mL) induced a dosedependent increase in neutrophil CD11b expression in cord blood (Fig. 6A) . Using 2.5 mg of meconium/mL of blood, this increase was dose-dependently inhibited by anti-factor D and anti-C5a (Fig. 6B) . The dose of antibodies required for inhibi- Figure 2 . CD62L expression. Meconium (0.1 mg/mL; MEC) significantly (p Ͻ 0.05) reduced neutrophil CD62L (L-selectin) expression when incubated in human whole blood for 30 min. This down-regulation was completely abolished (p Ͻ 0.05) in the presence of 10 g/mL of anti-factor D (MECϩaD) or 10 g/mL of anti-C5a (MECϩaC5), whereas no effect was seen using an isotype-matched control antibody (10 g/mL; MECϩCtr). The data are median and range of six different experiments, each from a different blood donor (n ϭ 6). T30, CD62L expression after 30 min in whole blood not incubated with meconium; *significantly different from T30; **significantly different from MEC. . Neutrophil oxidative burst. Meconium (2.5 mg/mL; MEC) significantly (p Ͻ 0.05) increased neutrophil oxidative burst when incubated in human whole blood for 30 min. This increase was significantly (p Ͻ 0.05) reduced in the presence of 50 g/mL of anti-factor D (MECϩaD) or 50 g/mL of anti-C5a (MECϩaC5), whereas no effect was seen using an isotypematched control antibody (50 g/mL; MECϩCtr). The data are median and range of six different experiments, each from a different blood donor (n ϭ 6). T30, oxidative burst after 30 min in whole blood not incubated with meconium; *significantly different from T30; **significantly different from MEC. 244 tion was higher (50 g/mL) than that for adult blood (10 g/mL), consistent with the higher dose of meconium needed for sufficient CD11b expression (2.5 mg/mL) compared with that used in adult blood (0.1 mg/mL).
Oxidative burst. Meconium (0.625-5.0 mg/mL) induced a dose-dependent increase in neutrophil oxidative burst in cord blood (Fig. 6C) . Using 2.5 mg of meconium/mL of blood, this increase was inhibited by anti-factor D comparable to the adult blood but required a higher concentration of anti-C5a (50 g/mL) compared with adult blood (10 g/mL; Fig. 6D ).
CD62L. Cord-blood CD62L was subjected to extensive spontaneous shedding from the neutrophils during the incubation period. Although detectable at the start of the incubation, it was completely shed in the PBS control during the incubation period, which made it impossible to investigate the effect of meconium on CD62L shedding; thus, inhibition of shedding with complement inhibitors could not be investigated.
DISCUSSION
Neutrophils are suggested to be of importance in development of meconium-induced lung inflammation (16) . We showed recently that components of meconium present in both the lipid and water fractions of meconium are potent activators of complement in human serum and in piglets (10) . Because complement activation, with release of activation products including the highly potent fragment C5a, is known to activate neutrophils, we hypothesized a possible role for complement in meconium-induced neutrophil activation. The present work for the first time demonstrates that complement activation is essential in meconium-induced neutrophil activation. CD11b, CD62L, and oxidative burst play important pathophysiologic roles in different diseases and are valuable markers of inflammation. The role of complement in leukocyte trafficking in the lungs and the interplay among complement, adhesion molecules, oxidative burst, and the cytokine and chemokine network in pulmonary inflammation was reviewed recently (17) . Consistently, our data indicate that complement activation is upstream of the inflammatory cell activation because the specific complement inhibitors anti-factor D and anti-C5a markedly attenuated neutrophil activation. The two antibodies inhibited the neutrophil response to the same extent, indicating that the alternative complement pathway is essential and that the key effector molecule is C5a.
CD11b plays a central role in inflammation and in the systemic inflammatory response syndrome (18) . Integrin belongs to a family of adhesion receptors and is found on the majority of cells in the body (19) . Upon activation, the surface expression and binding affinity of CD11b are increased. Neutrophil adhesion to the endothelium is upstream of neutrophilmediated endothelial cell damage, microvascular injury, and organ failure (20) . In the present study, we show for the first time that meconium-induced up-regulation of CD11b is entirely complement dependent and abolished using complement-specific inhibitors.
L-selectin (CD62L) is an adhesion molecule that is expressed on the surface of leucocytes that are involved in the initial phase of the inflammatory response. L-selectin is an important early molecule involved in leukocyte-endothelial interactions. It is rapidly shed from neutrophils, monocytes, and lymphocytes during activation by different stimuli and during the rolling process, allowing the leukocyte to attach firmly to the Figure 4 . Anti-factor D (50 g/mL) virtually but not completely abolished (p Ͻ 0.05) the meconium-induced complement activation (MECϩaD), whereas anti-C5a treatment (50 g/mL) slightly and significantly (p Ͻ 0.05) increased complement activation (MECϩaC5). No inhibition of complement activation was seen with the isotype-matched control antibody (50 g/mL; MECϩCtr). The data are median and range of six different experiments, each from a different blood donor (n ϭ 6). T30, TCC concentration after 30 min incubation of whole blood not incubated with meconium; *significantly different from T30; **significantly different from MEC. Figure 6 . CD11b and oxidative burst in cord blood. Meconium induced up-regulation of neutrophil CD11b expression in a dose-response manner (0.04 -5 mg/mL) when incubated in human cord blood for 15 min (A). T15/T30, neutrophil CD11b expression in human cord blood not incubated with meconium after 15/30 min. Anti-factor D and anti-C5a dose-dependently (25 and 50 g/mL, respectively) inhibited the meconium (2.5 mg/mL)-induced up-regulation of CD11b (B). Meconium induced increase in neutrophil oxidative burst in a dose-response manner (0.625-5 mg/mL) when incubated in human cord blood for 30 min (C). T30, neutrophil oxidative burst in human cord blood not incubated with meconium after 30 min. Anti-factor D and anti-C5a inhibited the meconium (2.5 mg/mL)-induced oxidative burst, the former equally effective and the latter dose-dependently using 25 and 50 g/mL, respectively (D). Data from one representative of three experiments are shown. 245 endothelium by up-regulated CD11b (21) . We found that L-selectin was markedly shed upon exposure of meconium to the blood. Complement inhibition efficiently abolished shedding of L-selectin from the leukocyte surface, indicating a central role for complement in the initial neutrophil inflammatory activation.
Oxidative burst, i.e. the production of reactive oxygen species, is an important defense mechanism by which phagocytes destroy micro-organisms (22) (23) (24) . In a rat model of IgG immune complex-induced lung injury, reactive oxygen species may explain early induction of lung injury (within 30 min). The expression of inflammatory cytokines would not be expected during this short period of time, in contrast to complement activation, which is an early event (17) . Reactive oxygen species cause tissue injury in local as well as systemic inflammatory conditions. Pulmonary or systemic insults may result in acute lung injury or ARDS, the most severe form of acute lung injury, both of which are associated with a high rate of mortality (25) (26) (27) (28) . Patients with ARDS have increased levels of H 2 O 2 in their breath condensate (9, 29, 30) . MAS may develop into ARDS, but data on the role of oxidative burst in MAS are somewhat conflicting (31) (32) (33) . In the present study, we found that meconium is a strong inducer of neutrophil oxidative burst in vitro. The meconium dose needed to induce oxidative burst was substantially higher than what was required to get changes in CD11b and CD62L expression. Although we found a substantial reduction in oxidative burst by inhibition of complement, this inhibition was not complete, in contrast to what was found for the changes in CD11b and CD62L. This may suggest that the oxidative burst is partly dependent on other factors than complement or that complete inhibition of complement was more difficult to obtain when using the highest doses of meconium. The latter notion is supported by the TCC data, where an efficient but not complete inhibition of complement was obtained in the burst experiments (Fig. 5 ), compared with a complete inhibition in the CD11b/CD62L experiments (Fig. 3) .
Treatment of MAS to date been has largely symptomatic (2,3,34 -42) . Complement inhibition has been suggested as a therapeutic alternative in several conditions in which the system has been documented to contribute to the pathogenesis of the disease (23, (43) (44) (45) . Our in vitro data suggest that complement may have a primary role in meconium-induced inflammation; thus, inhibition of complement should be considered as a possible therapeutic approach in MAS. We showed previously that meconium-induced complement activation is mediated by the alternative pathway. Furthermore, it is widely known that the interaction between C5a and its receptor, C5aR, is an essential mechanism in the development of an inflammatory response (46, 47) . Both anti-factor D, blocking the alternative pathway, and anti-C5a had similar effectiveness in inhibition of meconium-induced neutrophil inflammatory response, suggesting that both factor D and C5a are possible candidates for therapeutic inhibition.
For logistic reasons, it is much more difficult to obtain cord blood than adult blood for a study that is highly dependent on fresh whole blood for flow cytometry analysis. We therefore examined adult human blood extensively in our study and then performed similar experiments using a limited number of cord-blood samples. This was mandatory because cord and adult blood differ substantially in several manners. The time lag between the birth of the baby and the birth of placenta and the time needed for transport of cord blood to laboratory both may induce spontaneous activation of CD11b, oxidative burst, and spontaneous shedding of CD62L. These factors make in vitro experiments with cord blood less accurate in pathophysiologic studies of MAS compared with adult blood experiments, which can be performed under strictly controlled conditions. It was shown previously that cord-blood neutrophils have lower CD62L expression compared with adult blood (48, 49) . Our data are in accordance with these observations. In fact, the CD62L was completely shed spontaneously during the incubation period, making it impossible to study the effect of meconium on CD62L shedding. In contrast, CD11b expression and oxidative burst could reliably be examined in cord blood. Despite the need for a higher amount of meconium to induce CD11b in cord blood, the effect of meconium on CD11b and oxidative burst was similar to adult blood, as was the effect of complement inhibition. The low number of cord-blood experiments performed does not allow statistical testing. However, that we describe principally identical results for adult and cord blood, i.e. a substantial inhibitory effect using both complement inhibitory antibodies, and that the effect was dose dependent support the notion that the data obtained with adult blood are presumably valid for newborns as well.
Whereas the anti-factor D MAb efficiently inhibited TCC formation, consistent with blocking of the alternative complement pathway, the anti-C5a MAb neutralizes C5a without inhibition of complement activation. In fact, TCC formation was slightly enhanced in the presence of anti-C5a. This observation may seem surprising at first glance but is consistent with previous data obtained when using this antibody to inhibit bacteria-induced C5a effects (50) . The increased TCC formation cannot be explained by immune-complex formation because we excluded this possibility by experiments performed when this antibody was characterized (12) . The most likely explanation for this effect is that binding of the antibody to native C5 increases the susceptibility of C5 to cleavage by the C5 convertase. Irrespective of the explanation for this phenomenon, a theoretical advantage with this antibody is that the harmful effects of C5a are attenuated, whereas the bacteriolytic activity by C5b-9 is preserved.
LPS is a component of outer membrane of Gram-negative bacteria. It binds to CD14 and/or CD11b/CD18 at the cell surface and facilitates an interaction with Toll-like receptor 4-MD complex, which via signal transduction cascades ultimately leads to activation of transcription factors (51) . The interplay between LPS and complement is complex (52, 53) . A possible effect of LPS in the meconium-induced inflammatory reaction should be considered. We therefore measured the amount of LPS in each meconium sample and included only those with pictogram levels in the batch. Although these low amounts may induce some cytokine synthesis, amount in the range of micrograms is needed for LPS to induce complement activation (54) . Thus, it can virtually be excluded that LPS 246 CASTELLHEIM ET AL.
contributes to the complement-induced inflammatory reaction observed in the present study.
CONCLUSION
In summary, our in vitro data suggest that complement activation is upstream of the neutrophil inflammatory responses induced by meconium and that C5a is a key mediator of this response.
